The acute effects of ethanol on the neurons of the striatum, a basal ganglia nucleus crucially involved in motor control and action selection, were investigated using whole-cell recordings. An intoxicating concentration of ethanol (50 mM) produced inhibitory effects on striatal large aspiny cholinergic interneurons (LAIs) and low-threshold spike interneurons (LTSIs). These effects persisted in the presence of tetrodotoxin and were because of an increase in potassium currents, including those responsible for medium and slow afterhyperpolarizations. In contrast, fast-spiking interneurons (FSIs) were directly excited by ethanol, which depolarized these neurons through the suppression of potassium currents. Medium spiny neurons (MSNs) became hyperpolarized in the presence of ethanol, but this effect did not persist in the presence of tetrodotoxin and was mimicked and occluded by application of the M1 muscarinic receptor antagonist telenzepine. Ethanol effects on MSNs were also abolished by 100 mM barium. This showed that the hyperpolarizations observed in MSNs were because of decreased tonic activation of M1 muscarinic receptors, resulting in an increase in Kir2 conductances. Evoked GABAergic responses of MSNs were reversibly decreased by ethanol with no change in paired-pulse ratio. Furthermore, ethanol impaired the ability of thalamostriatal inputs to inhibit a subsequent corticostriatal glutamatergic response in MSNs. These results offer the first comprehensive description of the highly cell type-specific effects of ethanol on striatal neurons and provide a cellular basis for the interpretation of ethanol influence on a brain area crucially involved in the motor and decisional impairment caused by this drug.
INTRODUCTION
Ethanol is one of the most widely used and abused psychoactive drugs, and it produces a variety of acute and chronic effects (Ferreira and Willoughby, 2008) . Serious social problems arise from the fact that acutely intoxicated subjects exhibit a combination of impaired sensory-motor coordination and diminished control of impulsive and aggressive behavior (Naranjo and Bremner, 1993) . How does ethanol affect the brain? Although initial hypotheses pointed to an action on the physical properties of the lipid bilayer (affecting ion channels indirectly), subsequent studies focused on the direct modulation of GABAergic transmission by ethanol (Mihic et al, 1997) . It has since become progressively clear that ethanol directly affects the activity of numerous membrane proteins, including both ligand-gated and voltage-gated channels (Harris et al, 2008) .
The biophysical mechanisms underlying ethanol-protein interactions have started to be elucidated (Aryal et al, 2009; Dopico and Lovinger, 2009; Harris et al, 2008) . Brain slice preparations have been particularly useful to study the acute effects of ethanol on several brain areas, including the cerebral cortex, the amygdala, the ventral tegmental area, and the cerebellum (Carta et al, 2003 (Carta et al, , 2004 Federici et al, 2009; Sessler et al, 1998; Zhu and Lovinger, 2006) . The picture emerging from these studies is that the effects of ethanol are highly specific both in terms of brain areas and neuronal types. Thus, ethanol can either increase or decrease the excitability of different neurons, and either reduce or potentiate fast synaptic transmission. For instance, ethanol increases Golgi cells' excitability (Carta et al, 2004) , whereas it reduces that of somatosensory cortical neurons (Sessler et al, 1998) . Similarly, ethanol potentiates responses mediated by GABA A receptors in most brain areas (Weiner and Valenzuela, 2006) , but it reduces them in the ventral tegmental area (Xiao and Ye, 2008) . Glutamatergic responses mediated by AMPA receptors are potentiated by ethanol in the ventral tegmental area (Deng et al, 2009) , whereas they are reduced in cerebellar granule cells (Valenzuela et al, 1998) . These differences reflect the highly specific interactions of ethanol with different subunits of receptors and ion channels (Aryal et al, 2009; Vengeliene et al, 2008) . Given this degree of heterogeneity, it is clear that the effects of ethanol on different brain areas must be directly investigated and cannot be inferred from studies carried out in other structures. The striatum is the largest nucleus of the basal ganglia and is likely to be crucially involved in the motor and emotional effects of ethanol. First, this nucleus has an essential role in motor control and its malfunctioning results in severe neurological diseases (Graybiel, 2005; Redgrave and Coizet, 2007) . Furthermore, the involvement of the dorsal striatum in reward processing, rewardmediated learning, and drug addiction is well established (Balleine et al, 2007; Koob and Volkow, 2010; Surmeier et al, 2009; Wickens et al, 2007b) . Nevertheless, our understanding of the effects of ethanol on the striatum is still incomplete. Previous investigations of the acute effects of ethanol on the striatum have focused on the glutamatergic responses of projection neurons and their plasticity (Popp et al, 1998; Wang et al, 2007; Yin et al, 2007) . Although these studies have provided important information, a more complete picture requires specific knowledge of how ethanol affects each of the neuronal types found in the striatum, as well as of GABAergic responses of striatal projection neurons. In this study we report that three classes of striatal interneurons are strongly and specifically modulated by intoxicating concentrations of ethanol, whereas striatal projection neurons are affected through decreased cholinergic tone and downregulation of their fast synaptic inputs.
MATERIALS AND METHODS
Sprague Dawley rats (both sexes, postnatal days 14-26, supplied by Biological Services Facility, University of Manchester, UK) were used for the experiments on large aspiny cholinergic interneurons (LAIs), fast-spiking interneurons (FSIs), and medium spiny neurons (MSNs), and some of the experiments on low-threshold spike interneurons (LTSIs). Overall, the average age of the animal used was 18±3 days postnatal; the average age of the animals used for experiments on different neuronal types was as follows (in days): LAIs, 17 ± 2; FSIs, 20 ± 3; LTSIs 18 ± 2; and MSNs, 18 ± 3. Several developmental events take place during the third week of life in rats (Partridge et al, 2000; Plotkin et al, 2005) ; in order to determine if there were developmental changes in the responses of striatal neurons to ethanol, we considered separately the experiments carried out in animals aged P14-P20 and P21-P26 days (nX9 for each group for each neuronal type). The effects of ethanol on the membrane potential (or interspike interval (ISI) for LAIs) and input resistance in each neuronal type were not significantly different in the two groups; furthermore, the percentage of cells that responded to ethanol was similar in the two groups for each neuronal type. Therefore, results from all animals were pooled for analysis in the Results.
In other experiments, LTSIs were visually identified using bacteria artificial chromosome (BAC) mice (P14-30; average 22 ± 5 days), in which the neuropeptide Y (NPY) promoter was attached to a humanized Renilla GFP (BACnpy; Stock 006417; Jackson Laboratory, Bar Harbor, ME); these mice were bred in-house at the Biological Services Facility, University of Manchester. NPY-expressing neurons in the striatum coincide with LTSIs (Partridge et al, 2009) . GFP-positive neurons were identified through epifluorescent excitation of the slice with a mercury lamp (Olympus U-RFL-T) coupled with standard GFP filters.
As in rats, similar responses to ethanol were observed in LTSIs from P14 to P20 and from P21 to P30 mice. Furthermore, similar responses to ethanol were observed in LTSIs from rats and mice in current-clamp experiments (voltage-clamp experiments were carried out exclusively on LTSIs from mice slices).
All the animals were killed using cervical dislocation, a humane method of killing in accordance with the UK Animals (Scientific Procedures) Act 1986 and the European Communities Council Directive (86/609/EEC).
Sagittal or horizontal brain slices (250-300 mm thick) were obtained using a vibroslicer and maintained at 25 1C in oxygenated artificial cerebrospinal fluid (composition (in mM): 126 NaCl, 2.5 KCl, 1.3 MgCl 2 , 1.2 NaH 2 PO 4 , 2.4 CaCl 2 , 10 glucose, and 18 NaHCO 3 ). For recordings, slices were submerged, superfused (2-3 ml/min) at 25 1C, and visualized with infrared/differential interference contrast microscopy. Horizontal slices preserving thalamostriatal and corticostriatal fibers were obtained as described in previous studies (Deschenes et al, 1996; Smeal et al, 2007) .
Current-clamp recordings were performed in bridge mode using an Axoclamp-2B amplifier (Axon Instruments) or a BA-1S bridge amplifier (NPI Electronic GmbH). Voltage-clamp recordings were performed using the AxoClamp-2B in continuous single-electrode mode, with uncompensated series resistance or a SEC-10LX (NPI Electronic GmbH) in discontinuous single-electrode mode. Data were acquired at 10 kHz using Signal software and a micro1401 data acquisition unit (C.E.D. UK). Data analysis was carried out using Signal and Spike (C.E.D) and Matlab (MathWorks) software.
Conventional whole-cell recordings were performed with patch pipettes (3-5 MO) filled with a solution containing (in mM): 125 potassium gluconate, 10 NaCl, 1 CaCl 2 , 2 MgCl 2 , 1 BAPTA, 19 HEPES, 0.4 Mg-GTP, and 4 Mg-ATP, and adjusted to pH 7.3 with KOH (except when recording GABAergic events, see below). In some experiments, highchloride intracellular solution was used, obtained by substituting potassium gluconate with potassium chloride; with this solution, the nominal reversal potential for chloride (E cl ) was ¼ 1 mV, compared with À55 mV with normal intracellular solution. For perforated-patch recordings, gramicidin (10-20 mg/ml) was added to the normal intracellular solution and perforation was monitored as previously described (Blomeley and Bracci, 2005) . In these recordings, the apparent electrode resistance (which incorporated the perforated-patch resistance and was regularly compensated in bridge mode) was 3-40 MO and did not change by 430% during each experiment.
Resting membrane potential (RMP) was measured under current-clamp conditions in the absence of any injected current. Input resistance was measured in current-clamp experiments by applying small negative current steps (0.5-1 s long), eliciting 2-10 mV deflections and applied continuously every 10-20 s. If the neuron was depolarized or hyperpolarized as a result of a pharmacological treatment, it was manually repolarized to control level for a short period while the current steps were applied; in this way, input resistance measurements were obtained at the same membrane potential. The input resistance was calculated by dividing the steady-state voltage deflection (measured at the end of the step) by the amplitude of the current step. For each pharmacological condition tested, 10-25 current steps were applied at 10 s intervals; the input resistance measurements for each condition were then grouped for statistical analysis.
Slow voltage ramps (10 mV/s) were applied in voltageclamp mode; in experiments with FSIs, the pre-ramp holding potential was À80 mV and the ramp started from À120 mV; for LTSIs, pre-ramp holding potential was À60 mV and the ramp started from À110 mV. In order to avoid transient currents at the beginning of the ramp, these ramps were preceded either by a 1-s step to À120 mV (in FSI experiments) or by a negative ramp (À10 mV/s) from À60 to À110 mV (in LTSI experiments).
For action potential half-width measurements, the spike threshold was defined as the point where the rate of depolarization exceeded 75 mV/ms; spike amplitude was measured as the difference between the threshold level and the peak of the spike.
Drugs were prepared in stock solutions and bath applied at known concentrations via a gravity system. Ethanol (95%, spectrophotometric grade) from Fisher Scientific (Loughborough, UK) was applied for 5-15 min at 50 mM, a concentration that produces intoxication in humans and has been used in previous in vitro studies (Carta et al, 2004; Lovinger et al, 1989; Yin et al, 2007) . Dose-response experiments carried out in LTSIs and MSNs (in the range of 12.5-100 mM) revealed that the effects of ethanol on membrane potential were maximal at 50 mM, and produced estimated EC 50 values of 27 mM for MSNs and 29 mM for LTSIs. These experiments are illustrated in Supplementary  Figure 1 .
Drugs were obtained from Tocris Bioscience (Poole, UK), apart from gramicidin (10-20 mg/ml), which was obtained from Sigma-Aldrich (Bristol, UK).
GABAergic responses were isolated pharmacologically and recorded or in voltage-clamp as inhibitory postsynaptic currents (IPSCs). GABAergic responses were evoked with a monopolar stimulating electrode, consisting of a patch micropipette filled with ACSF, placed intrastriatally. The resistance of the micropipettes used for stimulation was 0.3-1 MO. Stimulation amplitude was 0.2 mA-3.2 mA, and its duration was 0.01-0.1 ms. GABAergic responses were recorded under voltage-clamp conditions (V h ¼ À80 mV) using the high-chloride intracellular solution described above, in order to increase the driving force for GABA A conductances. These experiments were carried out in the presence of the AMPA receptor antagonist 2,3-dihydroxy-6-nitro-7-sulfonyl benzo[f]quinoxaline (NBQX; 10 mM) and the NMDA receptor antagonist AP-5 (10 mM). Under these conditions, evoked responses were completely abolished by the GABA A receptor antagonist bicuculline methiodide, consistent with the finding that postsynaptic GABA B receptor-mediated responses are not detected in MSNs (Calabresi et al, 1992) .
Paired-pulse stimulation (200 ms interval) was applied every 10 s before, during, and after ethanol application.
Different paired-pulse intervals were chosen to allow a complete return to baseline of the evoked responses in the two cases. For each cell, statistical tests were carried out on groups of at least 10 consecutive responses for each pharmacological condition tested.
In the experiments with horizontal slices, a stimulating electrode was placed in the deep layers of the cortex, while another one was placed in the thalamic reticular nucleus, as described by Ding et al (2010) . These stimulators were used to activate corticostriatal and thalamostriatal fibers, respectively. In these experiments, carried out in current-clamp in the presence of bicuculline methiodide (20 mM), a single cortical stimulation was delivered every 20 s; every other cortical stimulation was preceded (5 s) by a train of 25 thalamic stimuli delivered at 50 Hz. For analysis, corticostriatal EPSP amplitudes for each condition (ie, those preceded or not preceded by a thalamic train) were averaged and compared statistically.
Experimental values are expressed as mean±SD and all statistical comparisons were evaluated using Student's t-test. The threshold level of significance for all analyses was Po0.05. When only a subgroup of neurons responded to ethanol, the analysis of ethanol effects was limited to the responsive cells. Changes in input resistance during pharmacological treatments were assessed statistically for each individual neuron, comparing the amplitude of consecutive current pulses (at least 20) in each condition.
RESULTS
We recorded from 66 striatal MSNs, 36 FSIs, and 54 LTSIs using conventional whole-cell techniques, and from 57 LAIs using gramicidin perforated-patch techniques (Blomeley and Bracci, 2005) . All neurons were recorded in the rostral part of the dorsolateral striatum.
As in previous studies Bracci et al, 2003; Centonze et al, 2002; Pakhotin and Bracci, 2007) , neuronal types were identified based on their distinctive electrophysiological properties (described below) and, in the case of LAIs, their large cell body size (Kawaguchi, 1993) . In experiments using BAC-npy mice, epifluorescence was additionally used to target neurons expressing GFP (see Materials and Methods for details).
Effects of Ethanol on Cholinergic Interneurons
The electrophysiological properties of LAIs undergo severe rundown when conventional whole-cell recordings are carried out (Blomeley and Bracci, 2005; Wilson, 2005) . Therefore, we used the gramicidin perforated-patch technique in order to investigate the effects of ethanol on these cells. This technique is unsuitable for voltage-clamp because of the large access resistance. Therefore, this part of the study was entirely carried out under current-clamp conditions.
Typical LAI properties included: (1) prominent medium afterhyperpolarizations (mAHPs) following individual spikes; (2) slow afterhyperpolarizations (sAHP) following trains of action potentials evoked by current injections; and (3) depolarizing sags that developed during current-induced hyperpolarization (Bennett et al, 2000; Wilson, 2005) , as shown in Figure 1a .
As previously reported (Bennett et al, 2000) , most LAIs (46/57) were spontaneously active. Among these cells, 44 displayed a regular firing activity (coefficient of variation of the ISI o30%), whereas the remaining 2 produced a burstiform activity (coefficient of variation of the ISI 450%); examples of the two types of activity are shown in Figure 1c and d. Overall, the average ISI in control ACSF ranged from 0.17 to 9.93 s (corresponding to frequencies ranging from 0.1 to 5.9 Hz). The average ISI across the spontaneously active cells was 1.37±0.81 s (corresponding to 0.73 ± 0.43 Hz). The average input resistance was 388 ± 67 MO. In the 11 LAIs that were not spontaneously active, the average RMP was À64±4 mV.
In all spontaneously active LAIs, ethanol significantly (Po0.05) increased the average ISI (on average, by 34 ± 17%); this corresponds to a 25 ± 9% decrease in average firing frequency.
The effects of ethanol were reversible on washout (on average, after ethanol washout, ISI returned to 94±3% of control). Two representative examples of the effects of ethanol on two LAIs with different types of spontaneous firing in control solution are shown in Figure 1c and d. In the 11 LAIs that were not spontaneously active, ethanol did not cause significant changes in membrane potential.
LAIs display a prominent cationic current activated by hyperpolarization (Wilson and Goldberg, 2006) , which is modulated by several neurotransmitters (Pisani et al, 2003) ; this current gives rise to slow depolarizing sags during negative current injections (Bennett et al, 2000) , as apparent in Figure 1a . We therefore tested whether the depolarizing sags were affected by ethanol. In these experiments, in the presence of ethanol, the LAIs were manually depolarized to control level and the negative current steps were adjusted to match the initial deflection observed in control solution. However, the extent and time course of the depolarizing sags were not significantly affected by ethanol (n ¼ 15; not shown).
Another prominent current in LAIs is the apaminsensitive, calcium-activated potassium current, which gives rise to the mAHPs that follow individual spikes (Bennett et al, 2000) . The amplitude of the mAHP (measured from spike threshold level to the negative peak following the spike) was on average 5.6 mV. The mAHP was strongly and reversibly increased by ethanol (by 25±9%; Po0.01; n ¼ 6), as shown in Figure 2a and c.
Positive current injections that elicit or increase firing in LAIs are followed by large-amplitude sAHPs that last several seconds (Wilson and Goldberg, 2006) . We tested whether ethanol affected the sAHP. As the amplitude of the sAHP depends on the number of spikes generated, in the presence of ethanol we manually clamped the cell at a membrane potential level similar to that observed in control solution, and injected current steps (0.05-0.12 nA) that elicited the same number of spikes as in control. As shown in Figure 2b and c, the amplitude of the sAHPs was strongly increased in the presence of ethanol, and this effect was reversed by subsequent washout. On average, in five LAIs, ethanol significantly (Po0.01) increased the sAHP amplitude to 135% of control.
In order to isolate LAIs from spike-dependent synaptic influences, we then carried out experiments in the presence of TTX. Under these conditions, ethanol did not affect LAI RMP (n ¼ 4), as shown in Figure 3a . Long (2 s) current injections (0.05-0.1 nA) elicited 30-40 mV depolarizations followed (during the current step) by hyperpolarizing sags and (after the step) by AHPs. These voltage trajectories are caused by activation of calcium-activated potassium currents that are also responsible for the sAHPs evoked by bursts of action potentials (Blomeley and Bracci, 2005) . In the presence of ethanol, in 5/5 LAIs both the hyperpolarizing sags and the AHPs increased significantly, as shown in Figure 3b and quantified by the plots of Figure 3c . In these experiments, the depolarizing current was maintained at the same level in control solution and in the presence of ethanol, and 10 consecutive steps were applied every 30 s in each pharmacological condition. The effects of ethanol on these waveforms were largely reversed upon washout (Figure 3b) .
We concluded that ethanol strongly reduces the excitability of LAIs by potentiating the calcium-activated potassium currents responsible for mAHP and sAHP.
Effects of Ethanol on FSIs
FSI membrane properties included: (1) intermittent firing at high frequency during positive current injections; (2) narrow action potentials; (3) large amplitude, shortduration spike afterpolarizations; and (4) subthreshold oscillations observed between spike bursts (Bracci et al, 2003; Kawaguchi, 1993; Koos and Tepper, 1999) . Examples of these properties are shown in Figure 4a . The average RMP of the FSIs was À68±3 mV and the average input resistance was 226 ± 19 MO.
Unlike LAIs, FSIs were recorded with conventional whole-cell techniques, as the properties of these cells do not undergo significant rundown under these conditions . In all the FSIs tested (n ¼ 32), application of ethanol in control ACSF elicited a reversible membrane depolarization (Figure 4b ). On average, the peak amplitude of ethanol-induced depolarizations was 7 ± 3 mV. In four FSIs where the RMP was more depolarized than average (63±2 mV), application of ethanol also caused the appearance of spontaneous action potentials (at an average frequency of 5.7 ± 3.2 Hz), as shown in the example of Figure 4b ; in this particular case, sporadic (o1/min) action In control solution, positive current injections producing 13 spikes were followed by slow AHPs in a LAI manually repolarized at À57 mV to prevent spontaneous spikes. In the presence of ethanol, the same LAI was manually polarized at the same level observed in control solution, and injected with current steps that elicited 13 spikes. Under these conditions, ethanol strongly increased the sAHPs following the current steps and this effect was reversed by subsequent washout. Individual traces are superimposed on the right. Spikes are truncated. (c) Average effects of ethanol on the mAHP (left) and sAHP (right) amplitude (data from five LAIs were normalized to average value observed in control solution (100%)). ***Po0.001.
potentials, triggered by spontaneous synaptic events, were present in control solution, while high-frequency (420 Hz) firing was triggered by ethanol. In the other three FSIs, no spontaneous firing was observed before ethanol application. Neither the amplitude nor the half-width of the fast action potentials were affected by ethanol (n ¼ 20; P40.05 for both parameters). In 12 FSIs depolarized by ethanol, the input resistance was monitored with small hyperpolarizing current steps. In the presence of ethanol, FSIs were manually repolarized to control level during resistance measurements. On average, input resistance in the presence of ethanol was not significantly different from the one observed in control solution (98 ± 3%).
In the presence of TTX, ethanol induced reversible depolarizing effects (6±1 mV) in 5/5 FSIs (Figure 4c ). On average, FSI input resistance measured with small current steps in the presence of ethanol was, again, not significantly different from that observed in control solution (96±2%). In two cases ethanol was reapplied after complete washout of the effects of the first application; in both cases, the second application elicited similar depolarizing effects as the first one (n ¼ 2, Figure 4c) .
In order to investigate the conductances responsible for the effects of ethanol on FSIs, we carried out slow voltage ramp experiments in the presence of TTX (see Materials and Methods for details). In 6/11 cases, ethanol suppressed a current that reversed close to the nominal reversal potential for potassium (À100 mV), and displayed both inward rectification (at potentials more negative than À90 mV) and outward rectification (at potentials more positive than À30 mV), as illustrated in the example of Figure 5 . In all six cases, this current was characterized by a very low (o1 pA/mV) slope conductance in the voltage region between À80 and À60 mV, a finding consistent with the lack of significant effects of ethanol on FSI input resistance. On average, in these neurons, ethanol-suppressed currents reversed polarity at À99 ± 6 mV. In 3/11 FSIs, ethanol had different effects, inducing a current that reversed at À43±4 mV (not shown). No measurable effects of ethanol were observed in the remaining 2/11 FSIs.
Thus, the main mechanism underlying ethanol's excitatory effects on FSIs was the suppression of potassium current(s) characterized by inward and outward rectification, whereas a putative cationic current (inward in the RMP region) was increased by ethanol in a minority of FSIs. reversibly depolarized a FSI in the presence of TTX (1 mM). Input resistance was monitored using current pulses (15 pA, 500 ms). During the depolarization induced by ethanol, the FSI was manually repolarized to control level, to measure input resistance. No significant changes in input resistance were observed in the presence of ethanol. A second application of ethanol after washout caused similar depolarizing effects as the first application.
Effects of Ethanol on LTSIs
The electrophysiological features of LTSIs included: (1) very high input resistance (670±53 MO), and (2) the ability to generate low-threshold calcium spikes in response to depolarizing current pulses and immediately after hyperpolarizing ones (Figure 6a ). Average RMP for these cells was À55 ± 7 mV. In experiments carried out on BAC-npy mice, LTSIs were visually selected based on their fluorescence, but only classed as such if they also displayed the electrophysiological properties mentioned above. In 20/21 rat LTSIs recorded under current-clamp conditions, bath application of ethanol elicited a slow and reversible membrane hyperpolarization. On average, the peak amplitude of ethanol-induced hyperpolarizations was 5±3 mV. Neither the amplitude nor the duration of the action potentials was affected by ethanol. In most cases, LTSI did not exhibit spontaneous action potential generation. However, consistent with previous reports (Partridge et al, 2009) , spontaneous firing activity was observed in three LTSs, as shown in the example of Figure 6b . In each of these LTSs, acute ethanol application caused a complete disappearance of spontaneous action potentials (Figure 6b) . Ethanol also elicited similar hyperpolarizations (6 ± 2 mV) in 4/4 LTSIs when applied in the presence of TTX (Figure 6c ). As in control solution, these hyperpolarizations were not accompanied by significant changes in membrane input resistance. These finding indicated that the inhibitory effects of ethanol on LTSIs were because of a direct action on these cells. Similar effects were observed during current-clamp experiments in LTSIs from BAC-npy mice: under currentclamp conditions, ethanol induced hyperpolarizing effects (5 ± 2 mV) in 3/3 BAC-npy mice LTSIs. In order to further investigate the conductances modulated by ethanol in LTSIs, we carried out slow ramp voltage-clamp experiments (see Materials and Methods for details) in the presence of TTX; these experiments were performed on BAC-npy mice. LTSI I-V relationships were characterized by marked outward rectification and in most cases (9/16) by a region of negative slope (two representative examples are shown in Figure 7a and d). In 13/16 LTSIs, ethanol induced an outward current that appeared when the holding potential became more positive than a level that varied, in different neurons, between À65 and À50 mV (Figure 7a, b, d , and e). Upon return to holding potential, an outward tail current was present, similar to that observed in previous studies and caused by the calcium-activated potassium conductances responsible for the sAHP (Goldberg and Wilson, 2005) . In 6 out of the 13 LTSIs in which ethanol induced the outward current described above, the peak value of the tail current was significantly (Po0.05; at least 10 ramps per condition per neuron) increased in the presence of ethanol (on average by 576 ± 830%), as shown in the example of Figure 7a and c. However, in the other 7/11 LTSIs, the tail current was not significantly affected by ethanol. An example of the latter behavior is illustrated in Figure 7d and e. There was no apparent correlation between the presence of a negative slope area in the I-V curve and the modulation of the tail current by ethanol. Thus, the LTSI population displayed heterogeneity in both its membrane properties and ethanol responses. The outward currents induced by ethanol in LTSIs may be carried by either potassium or chloride ions. In four LTSIs recorded with high-chloride intracellular solution (which is expected to depolarize E Cl strongly, see Materials and Methods for details), ethanol induced an outward current similar in its voltage dependence to that observed with normal intracellular solution (not shown). Thus, the ethanol-induced current was not mediated by chloride, and was likely to be mainly caused by an increase in potassium conductances, including (in a subgroup of LTSIs) calciumactivated ones.
Effects of Ethanol on MSNs
MSNs had hyperpolarized RMPs (on average À83±4 mV), strong inward rectification, and produced slow depolarizing ramps and delayed action potentials during positive current injections (Nisenbaum and Wilson, 1995) . The average input resistance was 191 ± 36 MO. Typical MSN responses to current injections are illustrated in Figure 8a .
In control solution, bath application of ethanol (50 mM) caused hyperpolarizations (5 ± 2 mV) in 11/15 MSNs. Such hyperpolarizations were accompanied by a significant (Po0.01) decrease (47±3%) in input resistance (measured while the MSNs were manually repolarized to control level). A representative example of these effects is shown in Figure 8b . These effects were reversible upon washout of ethanol (10-20 min). Re-application of ethanol after washout caused effects similar to those of the first application (not shown). In the remaining four MSNs, ethanol did not significantly affect RMP or input resistance.
In contrast to what we observed in striatal interneurons, when ethanol was applied in the presence of TTX, it failed to elicit significant effects on either the RMP or input resistance in 8/8 MSNs tested. A representative example of these experiments is shown in Figure 8c . This observation shows that ethanol did not affect MSNs directly, and that its effects were because of actions on other surrounding striatal neurons. As described above, the spontaneous firing of LAIs was found to be inhibited by ethanol; activation of M1 muscarinic receptors is known to depolarize MSNs by suppressing potassium currents mediated by Kir2 and KCNQ channels (Shen et al, 2005 (Shen et al, , 2007 ; the effects of ethanol on MSNs (hyperpolarization and decrease in input resistance) were consistent with an increase in potassium conductance. Therefore, we decided to test the hypothesis that the effects of ethanol on MSNs in control solution were because of decreased cholinergic tone causing a reduction in the activation of M1 receptors. In order to do this, we used the selective M1 receptor antagonist telenzepine (100 nM) in six experiments (using six different slices); in these experiments, illustrated by the example of Figure 8d , the hyperpolarizing effects (3 ± 1 mV) of a first application of ethanol on MSNs were reversed on washout; at this point, telenzepine was bath applied, causing per se hyperpolarizations (7 ± 2 mV) in the MSNs. In the presence of telenzepine, a second ethanol application failed to affect the MSN membrane potential or input resistance (again measured while the MSNs were repolarized to resting level, as shown in Figure 8d ). This showed that the effects of ethanol on MSNs were caused by a decrease in the basal levels of acetylcholine in the striatum and a consequent decrease in the activation of postsynaptic M1 receptors. As Kir2, but not KCNQ, channels are open at RSMs in MSNs (Shen et al, 2005) , it seemed likely that the hyperpolarizations induced by ethanol were because of decreased muscarinic suppression of Kir2 channels. To test this hypothesis, we conducted experiments in which ethanol was initially applied and washed out in MSNs. Subsequently, a low dose of barium (100 mM), which selectively blocks Kir Input resistance was monitored using current pulses (10 pA, 500 ms) applied every 10 s. During the hyperpolarization induced by ethanol, the MSN was manually repolarized to control level, to measure input resistance. A significant (Po0.05) decrease in input resistance was observed during ethanol application. (c) In the presence of TTX (1 mM), ethanol did not produce any significant effect on either RMP or input resistance. Truncated vertical deflections (arrow) are responses to suprathreshold current injection that were used to monitor the effects of TTX on the MSN. By the time ethanol was applied, the MSN had completely lost its ability to generate sodium action potentials. (d) In this experiment, bath application of ethanol caused a hyperpolarization (B3 mV) in a MSN, from a RMP of À76 mV and a significant (Po0.05) decrease in input resistance that were both reversible upon washout. Subsequent application of the muscarinic M1 receptor antagonist telenzepine dihydrochloride (100 nM) produced a larger hyperpolarization (6 mV) that was also accompanied by a significant (Po0.05) decrease in input resistance. Subsequent re-application of ethanol (still in the presence of telenzepine) produced no further effect on RMP or input resistance, which was measured during manual repolarizations to control level. (e) In another experiment, two consecutive applications of ethanol, separated by a washout period, caused similar, reversible hyperpolarizing responses in a MSN. These responses were accompanied by a significant decrease in input resistance. Subsequent application of 100 mM barium (after washout of the second ethanol application) depolarized the MSN and strongly increased its input resistance. In the presence of barium, application of ethanol failed to affect the MSN membrane potential or its input resistance. During each treatment, the neuron was transiently repolarized to approximately resting level and current steps were injected to test its input resistance. channels (Wilson, 2005) , was applied and ethanol was reapplied in the presence of barium. In 6/6 MSNs that displayed hyperpolarizing responses to ethanol in control solution, barium caused membrane depolarizations (on average, 6 ± 1 mV) and large increases in input resistance (on average, to 190±27% of control); in all cases, re-application of ethanol in the presence of barium failed to affect MSN membrane potential or input resistance. An example of these experiments is illustrated in Figure 8e . In this particular experiment, ethanol was applied and washed out twice in control solution (with similar effects) before barium application. We concluded that the effects of ethanol on MSNs were mediated by barium-sensitive Kir2 channels.
Effects of Ethanol on Evoked MSN Synaptic Responses
In order to gain a complete picture of the effects of ethanol on striatal projection neurons, we investigated its effects on evoked synaptic potentials. Previous studies have shown that ethanol decreases MSN fast glutamatergic responses mediated by NMDA receptors (Wang et al, 2007; Yin et al, 2007) , as well as those mediated by non-NMDA receptors (Choi et al, 2006) . We confirmed these earlier results by testing the effects of ethanol on non-NMDA receptormediated responses; ethanol reversibly decreased evoked EPSC amplitude, without significantly affecting the pairedpulse ratio (at 100 ms intervals) of the evoked responses. These results are illustrated in Supplementary Figure 2 .
We then investigated the effects of ethanol on evoked IPSCs mediated by GABA A receptors (see Materials and Methods for details). Ethanol significantly (Po0.01) decreased the amplitude of the evoked IPSCs in 7/8 MSNs, as shown in Figure 9a ; average results are plotted in Figure 9b . The paired-pulse ratio (intervals of 200 ms) was not significantly affected by ethanol in all cases.
Stimulation of thalamostriatal fibers in a horizontal brain slice preparation has been recently shown to activate LAIs and to affect corticostriatal responses of MSNs through activation of presynaptic muscarinic receptors (Ding et al, 2010) . We decided to use this protocol to explore the effects of ethanol at a network level involving LAIs and MSNs. In order to do this, we recorded from MSNs under currentclamp conditions in horizontal slices while stimulating corticostriatal and thalamostriatal fibers, as described in the Materials and Methods. As reported by Ding et al (2010) , in control solution a train of 25 thalamic stimuli (50 Hz) caused a significant (Po0.01) reduction in the amplitude of glutamatergic responses elicited by single cortical stimuli 5 s after the train in 6/6 MSNs tested (on average this reduction was 26 ± 9%). Consistent with the results described above, subsequent application of ethanol caused hyperpolarizations in the MSNs, but in these experiments the cells were repolarized to resting levels by steady current injections. Consistent with previous studies (Choi et al, 2006; Wang et al, 2007) , ethanol significantly reduced corticostriatal EPSP amplitude (by 31 ± 3%; Po0.001). Furthermore, in the presence of ethanol, the preceding thalamic stimulation trains failed to affect significantly the corticostriatal EPSPs in 6/6 MSNs. An example of these experiments is shown in Figure 9c , and the changes induced by ethanol on thalamic-induced reduction of corticostriatal responses are quantified in Figure 9d . These results show that an important property of the basal ganglia loops, namely the ability of thalamic inputs to control corticostriatal EPSPs through activation of LAIs, is impaired in the presence of ethanol.
DISCUSSION
This is the first comprehensive electrophysiological study of the effects of ethanol on different neuronal subtypes in the striatum. The present data demonstrate that the effects of ethanol on striatal neurons are highly cell-type specific, as it directly inhibits LAIs and LTSs, but depolarizes FSIs, strongly increasing their excitability. Although ethanol does not directly affect MSNs, the reduction in acetylcholine tone causes large membrane hyperpolarizations and a reduction in input resistance in these cells. These effects are accompanied by a downregulation of both glutamate and GABA ionotropic receptors in MSNs.
The specificity of ethanol's effects on striatal interneurons appears to be a consequence of the fact that they express different sets of ionic channels (Kawaguchi, 1993) , and that ethanol interacts in a highly specific manner with ion channels of different type/subunit composition (Vengeliene et al, 2008) . Our experiments revealed that different currents are modulated by ethanol in each class of striatal interneurons. Calcium-activated potassium currents are potentiated by ethanol in LAIs and in a subpopulation of LTSIs, whereas one or more potassium conductances are suppressed by ethanol in FSIs.
LAIs
LAIs are spontaneously active both in vivo and in vitro, thanks to a dynamic interplay of several voltage-dependent membrane conductances (Bennett and Wilson, 1999; Wilson, 2005) The calcium-activated potassium conductances responsible for the medium and slow AHPs are particularly prominent, and have an important role in shaping the firing patterns of cholinergic interneurons (Wilson, 2005) . The mAHP is because of rapid SK calciumactivated potassium channels that are associated with N-type calcium channels, whereas the sAHP is associated with L-type channels (Goldberg et al, 2009; Goldberg and Wilson, 2005) . The present results show that ethanol strongly potentiates these currents, and this results in a marked decrease in the rate of spontaneous action potentials, both in regularly firing LAIs and in burstiform ones. These recordings were carried out with the gramicidin perforated-patch technique, which minimizes disruption of the intracellular environment, and is required to preserve the membrane properties of LAIs (Blomeley and Bracci, 2005; Wilson, 2005) . Experiments in the presence of TTX revealed that the sAHP was strongly augmented by ethanol, whereas other conductances active at rest were not affected. The intrinsic limitations of perforated-patch techniques prevented us from testing the effects of ethanol on the much faster currents responsible for the mAHP in the presence of TTX. However, in other neurons, ethanol is well known to potentiate apamin-sensitive BK channels (Brodie et al, 2007; Treistman and Martin, 2009) , which are responsible for mAHP in LAIs (Goldberg and Wilson, 2005) ; thus, it is likely that a similar direct interaction was responsible for the ethanol-induced increase in mAHP following individual spikes. We previously showed that serotonin reversibly reduces the mAHP and sAHP in LAIs (Blomeley and Bracci, 2005) . The convergence of effects of ethanol and 5-HT on the same membrane mechanisms is relevant to the complex field of the pharmacological interactions between alcohol and the antidepressant drugs that inhibit serotonin reuptake (Caldwell and Miczek, 2008) .
LTSIs
Ethanol hyperpolarized LTSIs by potentiating persistent voltage-dependent outward currents that became active in a membrane potential range comprised between À65 and À50 mV; although the exact nature of these ethanol-induced outward currents was not determined, we can exclude that chloride conductances had a major role. In fact, the voltage dependence of these currents was not substantially different in LTSIs that were recorded with a high-chloride internal solution, which shifts the nominal reversal potential for chloride from À55 to 1 mV. In a subgroup of LTSIs, ethanol also markedly increased the tail currents that followed prolonged depolarizations; these tail currents are attributable to the engagement of the calcium-activated potassium conductances responsible for sAHPs (Goldberg and Wilson, 2005) . In addition to these differences in the features of ethanol modulation, our experiments also revealed heterogeneity in the LTSI population in terms of their I-V relationships, although the two were not correlated. In spite of this diversity, it should be noted that ethanol produced strong hyperpolarizing responses in almost all LTSIs tested. A recent study has suggested that the ability of LTSIs to influence MSNs through GABAergic connection is modest, and that these cells are likely to exert their influence mainly through other neurotransmitters, which include nitric oxide, somatostatin, and NPY (Gittis et al, 2010) . The inhibition of LTSIs by ethanol, and the complete disappearance of spontaneous firing when present in control solution, suggests that these neuromodulators will dramatically decrease in the striatum during ethanol intoxication.
FSIs
In sharp contrast with the other interneuronal types, FSIs were strongly depolarized by ethanol, which also elicited spontaneous firing in some of these cells. These effects, which persisted in TTX, were because of the reduction of potassium currents that exhibited both inward and outward rectification. The relative rarity of striatal FSIs has so far prevented a systematic analysis of the membrane conductances expressed by these cells. In current-clamp experiments, FSIs display waveforms indicative of inward rectification (Bracci et al, 2003; Kawaguchi, 1993) , presumably mediated by potassium conductances of the Kir family (Hibino et al, 2010; Nisenbaum and Wilson, 1995) . That ethanol suppresses (in FSIs) or increases (in LAIs and LTSIs) potassium currents is not surprising, in light of the highly idiosyncratic interactions of this substance with membrane proteins (Dopico and Lovinger, 2009; Vengeliene et al, 2008) . In other structures, ethanol activates G proteingated inwardly rectifying potassium channels (GIRKs), but inhibits constitutively open inward rectifying channels such as IRK1, as well as other potassium channels (Appel et al, 2003; Aryal et al, 2009) . Furthermore, ethanol inhibits quinidine-sensitive potassium currents in midbrain dopaminergic neurons, but potentiates their GABA B receptormediated inhibition by facilitating GIRK currents (Appel et al, 2003; Federici et al, 2009 ).
MSNs
The experiments carried out in the presence of TTX clearly showed that ethanol did not exert a direct action on MSN membrane currents. MSNs display very prominent inward rectification mediated by Kir2 channels (Nisenbaum and Wilson, 1995; Shen et al, 2007) ; the present experiments suggest that these channels are different in type or subunit composition by the inward rectifying channels suppressed by ethanol in FSIs as well as in other brain areas (as discussed above). This is consistent with the heterogeneous nature of this class of the Kir family channels (Hibino et al, 2010) . Nevertheless, in control solution MSNs were strongly hyperpolarized by ethanol, and this effect was entirely dependent on receptors sensitive to telenzepine (a relatively selective M1 muscarinic receptor antagonist). In fact, telenzepine per se caused a marked hyperpolarization of MSNs, and prevented further actions of ethanol on these cells. This observation, combined with the strong inhibitory effects of ethanol on LAIs spontaneous activity, showed that MSN hyperpolarizations were because of a decrease in acetylcholine tone in the striatum. This is expected to reduce the tonic activation of M1 receptors, which strongly suppress KCNQ and Kir2 currents in striatopallidal MSNs (Shen et al, 2007) . These findings are consistent with previous studies showing that tonic levels of acetylcholine in the striatum cause substantial activation of M1 muscarinic receptors in MSNs (Narushima et al, 2007) . The presence of tonic levels of acetylcholine has also been reported to have an important role in long-term synaptic plasticity (Wang et al, 2006) , although these findings have been disputed (Kreitzer and Malenka, 2007) . The effects of ethanol on MSNs were completely abolished by low concentrations of barium, which selectively blocks Kir2 channels (Wilson, 2005) . This is consistent with the fact that KCNQ channels only display substantial activation at membrane potentials more positive than À60 mV, and are therefore unlikely to contribute to their hyperpolarizations from RSMs (approximately À80 mV). It is likely that the MSNs that did not respond to ethanol were mainly striatonigral projection cells, as these neurons are not depolarized by M1 receptor activation (Shen et al, 2007) .
These indirect effects of ethanol on MSNs were accompanied by a marked reduction in GABAergic synaptic inputs; given these findings, and the previously shown reduction in ionotropic glutamate receptor-mediated responses (Choi et al, 2006; Wang et al, 2007) , it can be concluded that in the presence of ethanol, the output neurons of the striatum will become much less responsive to external stimuli of both an excitatory and inhibitory nature. This effect would be exacerbated by the strong reduction in input resistance caused by decreased muscarinic receptor activation. The main effects of ethanol on the excitatory and inhibitory inputs to MSNs are illustrated in the diagram of Figure 10 . This incorporates the notion mentioned above that the effects of ethanol (through M1 receptors) were mainly exerted on striatopallidal MSNs. The picture emerging from the present study should be combined with the observation that ethanol also affects long-term synaptic plasticity in the striatum (Clarke and Adermark, 2010; Yin et al, 2007) .
FSIs are the main mediators of feed-forward inhibition in the striatum (Gittis et al, 2010; Tepper et al, 2008) , whereas feedback inhibition is provided by MSN axon collaterals (Tepper et al, 2008; Tunstall et al, 2002) ; the present results suggest that the balance between these neuronal mechanisms, which is thought to be crucial for striatal information processing (Wickens et al, 2007a; Wilson, 2007) , is profoundly altered in favor of feedback inhibition during ethanol intoxication (Figure 10 ). It will be interesting to explore the computational consequences of this shift in balance, as this may generate testable predictions on the effects of ethanol on striatal functions such as cortical pattern recognition and action selection.
LAIs respond to salient stimuli with characteristic pauses in their firing activity (Joshua et al, 2008) ; the resulting transient decrease in striatal acetylcholine is likely to provide MSNs with an important signal in situations that require behavioral alertness. Such a saliency signal would be impaired in the presence of ethanol, and this may contribute to decrease the ability of intoxicated subjects to react appropriately to alerting stimuli (Schweizer and Vogel-Sprott, 2008) .
A recent study has revealed that activation of thalamostriatal fibers excites LAIs and depresses corticostriatal inputs to MSNs for several seconds because of the activation of presynaptic muscarinic receptors (Ding et al, 2010) . Such a thalamic gating of corticostriatal inputs may be a mechanism to shift attention and redirect behavior (Ding et al, 2010) . This important property of the brain loops involving the basal ganglia was strongly impaired in the presence of ethanol, presumably as a result of direct inhibition of LAIs and decreased glutamatergic inputs to these cells. Again, this observation provides a potential cellular mechanism for the attentive deficits caused by ethanol. Figure 10 Summary of the main changes induced by ethanol on the excitatory and inhibitory inputs to MSNs. In the presence of ethanol, all the GABAergic inputs to MSNs are reduced with the possible exception of those arising from FSIs, for which a decrease in synaptic efficacy is compensated by the increased excitability of these cells. Glutamatergic inputs are also reduced; inhibition of LAIs also decreases cholinergic signaling, which normally inhibit glutamate release acting presynaptically and exert excitatory influence on striatopallidal MSNs through postsynaptic mechanisms involving Kir2 channels. Excitatory connections are represented by circles and inhibitory connections by diamonds.
In conclusion, the role of the dorsal striatum in drug addiction and ethanol consumption has been emphasized by recent studies (Jeanblanc et al, 2009; Koob and Volkow, 2010) ; striatal circuits have an essential role in motor control, decision making, and reward processing (Balleine et al, 2007; Surmeier et al, 2009; Wickens et al, 2007b) , which are all impaired during ethanol intoxication; this suggests that this nucleus is crucially involved in producing some of the most relevant symptoms caused by ethanol intake. The present findings provide the cellular information required to understand how ethanol affects the operation of the striatum and the basal ganglia.
